Epithelial appendages are derivatives of epithelia that elaborate to form specialized structures and functions. The appendage can protrude out, such as in teeth and feathers, or invaginate in, such as in glands. The epithelia can be ectodermal, such as in hairs, or endodermal, such as in livers. Using feather as a prototype of epithelial appendage, we study the molecular signals involved in the successive stages of epithelial±mesenchymal interactions during morphogenesis. We propose that these form the basics of gene networks, which can be integrated to gene supernetwork and totinetwork. Because the unit of development is molecular pathway rather than single molecule, and the unit of morphogenesis is cell group rather than single cell, we make the analogy between genes/developmental pathways and words/ sentences. The study of developmental pathways in epithelial appendage organogenesis will help us to understand the grammar of genes and the basic rules in constructing regulated new growth. This knowledge may contribute to the study of cancer biology (deregulated new growth) and organ regeneration. Key words: development/epithelial±mesenchymal interactions/feathers/gene network/hair. Journal of Investigative Dermatology Symposium Proceedings 4:307±311, 1999
EPITHELIAL APPENDAGES ARE THE RESULTS OF EPITHELIAL±MESENCHYMAL INTERACTIONS
The interface between animals and their environment is the integument. Different kinds of integument appendages have provided animals with specialized structures and functions to interact with the environment in their own unique way. These include scales, feathers, hairs, claws, teeth, salivary glands, sebaceous glands, mammary glands, etc. (Fig 1; Chuong, 1998) that allow animals to adapt to different environments, including water, land, and sky. Without these versatile integument appendages, the integument surface would have remained¯at, and animals would not have evolved with such rich complexity and diversity. In addition to the outside surface, similar processes take place in the endodermal gut. Initially, the gut is just a tube, which develops into specialized regions including the stomach and small and large intestines to give the gut different digestive or absorptive functions. Furthermore, endodermal epithelial appendages bud out to form the lung, liver, pancreas, etc. (Chuong, 1998) . The diversi®cation along the gastro-intestinal tract also provides specialized interaction between animals and the``internal environment'', so that they can adapt to different niches for survival. The term``epithelial appendage'' is used to cover both the integument (skin and oral cavity) appendages and the endodermal appendages. Among the integument appendages, skin appendages or cutaneous appendages are used to mean those that form on the skin. Epithelial appendages are topologic transformations of the originally¯at epithelia into specialized structures, either protruding out from the epithelial surface, such as the feather, or invaginating into the epithelial surface, such as the mammary gland. They are the results of epithelia±mesenchymal interactions. In terms of embryonic germ layers, the epithelia can be derivatives of different germ layers, either ectoderm or endoderm. Different types of epithelial appendages share common molecular processes and the different phenotypes re¯ect variations on top of a common theme (Fig 1; Chuong, 1998) .
What factors may determine the formation of epithelial appendages? Classical embryologic studies recombining epithelia and mesenchyma from the same or different types of appendage, different developmental stages, and even different species, have been performed to explore the nature of this information (Dhouailly, 1975; Sengel, 1976) , as well the molecular basis (Chuong et al, 1993; Chuong and Widelitz, 1998; Widelitz and Chuong, 1999) . The results showed that the location of skin appendages is determined by the mesenchyme, and the orientation is determined by the epithelium (Novel, 1973; Chuong et al, 1996) . Generally, the phenotypes are also determined by the mesenchyme. For example, feather mesenchyme plus scale epithelium or a nonbiased extra-embryonic membrane will give rise to the feather. Exceptions occur when the epithelium is irreversibly determined and has lost the plasticity to form a different type of epithelial appendage (dental papilla plus adult rat ear epithelium gave rise to hairs, Jahoda, 1992) , or when the animal does not have genetic material that codes for appropriate information (Dhouailly, 1975) . The detailed epithelial structures that depend on intra-epithelial interactions are epithelial speci®c. An example of this is the combination of duck feather epithelia and chicken feather mesenchyme. The result is duck barbules but the overall shape is in accord with the chicken feather (Dhouailly, 1970 ).
These results demonstrate that the construction of epithelial appendages requires the collaboration of epithelium and mesenchyme, and that the``architectural blueprints'' are stored in speci®c tissues, mostly in the mesenchyma, and that the epithelia must be competent to respond. Because different epithelial appendages do form on a single organism, distinct information must be stored in different tissues. What are the molecular bases of this information?
We have been working to study the molecular basis for successive stages of feather morphogenesis. Using a combination of in situ hybridization, skin explant cultures, bead implantation, and retroviral gene transduction (Chen and Chuong, 1999) , we were able to show the involvement of many adhesion molecules and signaling molecules Chuong, 1998, 1999) . Their involvement in induction, dermal condensation, anterior±posterior axis formation, proximal±distal axis formation, and the respective contribution of epithelia and mesenchyma are summarized in Fig 2. It is hoped that this diagram will serve as a prototype for epithelial appendage morphogenesis. Other appendages, such as hairs, teeth, and lung buds are shown to involve similar molecules, but used in different ways (Chen and Maas, 1998; Muller-Rover and Paus, 1998; Oro and Scott, 1998; Philpott and Paus, 1998; Thesleff and Pispa, 1998; Warburton et al, 1998) . Although we did learn that some molecules are required in certain morphogenetic processes, we still do not know the nature of information for the phenotypic determination of epithelial appendages.
INTER-CONVERSION OF EPITHELIAL APPENDAGE PHENOTYPES AND THE TWO STAGE HYPOTHESIS
More than 20 y ago, Hardy and Dhouailly started to do experimental perturbation of this issue (Hardy, 1968; Dhouailly, 1970) . By treating chicken embryos with retinoic acid at the time that scales were forming, foot scales could be induced to form feathers, and indeed feathery scales, or``ptilopody'', are present in special chicken strains (Dhouailly et al, 1980) . Treating dorsal skin at the time of feather formation also converts feathers into scale-like . Epithelia±mesenchymal interactions during feather morphogenesis. The molecular and cellular interactions are depicted here to show that the building of a feather is accomplished in many morphogenetic stages. It is also used to illustrate the many principles shared by the making of other epithelial appendages such as the many similar signaling and adhesion molecules involved (Widelitz and Chuong, 1999) , the many morphogenetic processes that take place in succession, the alternating epithelia and mesenchyme dependence, etc. E, epithelia; M, mesenchyme.
¯at appendages (Chuong et al, 1992) . Treating hairs at the time they are forming converts hairs into gland-like structures (Hardy, 1968; Viallet and Dhouailly, 1994) . These experiments led to the two stage hypothesis of epithelial appendage phenotypic determination. The ®rst stage involves the activation of epithelial cells to become placodes distinct from the neighboring epithelia. In the second stage, the phenotype of the epithelial appendage is determined (Dhouailly et al, 1980; Chuong et al, 1993) . Perturbation between stages 1 and 2 can shift the balance and lead to morphologic transformation of the epithelial appendages.
Because different regions have different types of epithelial appendages, one would imagine that these signals should be expressed in a body position dependent manner. One likely candidate is Hox genes because they have been shown to have body position-speci®c expression patterns in the chicken and mouse (Chuong et al, 1990; Bieberich et al, 1991; Dhouailly et al, 1998) . Hox genes have been shown to be involved in the phenotypic determination of the skeleton and other systems (Krumlauf, 1994) . In addition, retinoic acid is known to regulate the expression of the Hox genes (Boncinelli et al, 1991) . These results led us to propose the skin Hox code hypothesis to suggest that different combinations of Hox expression in different parts of the skin contribute to the formation of different types of skin appendages (Chuong et al, 1993) . Using retinoic acid, Dhouailly's group was able to show that Hox expression pattern changes in accord to the transformed skin appendage phenotypes, which is consistent with the skin Hox code hypothesis (Kanzler et al, 1997) . On the other hand, Hox c13 knockout mice show differentiation defects in all hairs, suggesting that Hox may also be involved in a later epoch of regulation of cytodifferentiation (Godwin and Capecchi, 1998) . Although information of Hox expression in skin has been reported occasionally, the complete mapping of the nearly 40 Hox genes is still lacking. A complete mapping of Hox gene expression in developing mouse or chicken skin would provide very informative clues toward understanding the mechanism by which the Hox genes regulate the regional speci®cation of skin development and de®ne the phenotype of many epithelial appendages.
Interestingly, perturbation of some molecular pathways have recently been shown to cause morphologic transformation of skin appendages. Suppression of the BMP pathway in the chicken limb bud with a RCAS retrovirus carrying a dominant negative BMP receptor leads to the transformation of part of the foot scales into feathers (Zou and Niswander, 1996) . Over-expression of delta-1, the ligand of Notch pathway, in the limb bud also caused foot scale-feather transformation (Crowe and Niswander, 1998) . Within the oral cavity, suppression of the BMP pathway with noggin caused the transformation of incisors to molars (Tucker et al, 1998) . Transgenic mice over-expressing LEF-1, a b-catenin binding protein, caused hairs to grow out from the gum region (Zhou et al, 1995) . This suggests that several gene networks may be integrated in the phenotypic determination of foot scales versus feathers, and the above molecules may directly or indirectly modulate the activity going through the gene networks (see the next section).
Other evidence comes from the syndromes of ectodermal dysplasia. There are more than 40 types of ectodermal dysplasia, which are summarized in Slavkin et al (1998). The patient who suffers from this syndrome has problems in different types of epithelial appendages, including hair, sweat gland, and nail, and some forms also involve lung and other regions. Recently, the gene responsible for ectodermal dysplasia anhidrosis (EDA) has been cloned (Kere et al, 1996; Kere, 1998; Monreal et al, 1998) . It can be expected that genes involved in ectodermal dysplasia probably are among the common pathways shared by these different epithelial appendages. We can expect more of these genes to be cloned in the near future. It would be exciting to use a strategy similar to the one we have used for feather morphogenesis to study how these newly identi®ed genes are integrated to build an epithelial appendage.
The gut is initially formed as a tube that develops regional speci®cation along the anterior±posterior axis. Then, there are position speci®c gene expressions, including Nkx and Hox genes (Minoo et al, 1998; Roberts et al, 1998; Roberts, 1998) . These differential gene expressions may be involved in the speci®c fate of different parts of the gut walls and the formation of endodermal appendages.
GENES AND GENE NETWORKS: THEMES AND VARIATIONS OF DEVELOPMENTAL PATHWAYS
The above results showed that tilting the balance of molecular pathways before the fate of epithelial precursor cells are determined could shunt the epithelia to become different types of epithelial appendages. This further demonstrates that the epithelia±mesen-chymal interactions underlying the morphogenesis of epithelial appendages share similar signaling molecules and the construction of versatile epithelial appendages, like classic music composed by Nature, are variations on top of a common theme.
The frequently used molecules include components of the SHH pathway, Notch pathway, FGF pathway, BMP pathway, NCAM pathway and others (Fig 2; Widelitz and Chuong, 1998; Widelitz and Chuong, this supplement) . We have seen these molecules in different organogenesis scenarios. How can the same group of molecules be used to form different types of epithelial appendages? The issue is that we have to place the emphasis on developmental pathways rather than the molecules themselves. Indeed, the human genome project is approaching the end. With all of the genes identi®ed, we can expect to identify all molecular players and see how they interact. This is equivalent to the remarkable job of having compiled a dictionary of a newly discovered language; however, to fully appreciate the strength of the language, we must understand the grammar and how these words are used to construct powerful articles or beautiful poems ( Table I) . One of the best approaches to learning the regulation among molecules is to learn how they function in physiologic conditions, mainly to study developmental pathways in embryonic morphogenesis.
A molecule cannot function alone in physiologic conditions. Molecules must work together to form a pathway for a particular function, such as an enzyme activity, a cytoskeletal action, or cell adhesion. The integration of a repertoire of molecular pathways leads to a``gene network'' (Fig 3; Noveen et al, 1998 ) that can carry out a particular cell behavior such as progression along the cell cycle or migration of cells. Whatever the organs are, the morphogenetic processes are always built upon the same fundamental cellular mechanisms, including cell proliferation, cell migration, cell differentiation, and programmed cell death (apoptosis). Different organ shapes and sizes are regulated through differential cell proliferation, death, and migration. On top of the organ anlage, speci®c cyto-differentiations take place to form specialized products (hair keratin, enamel, milk, etc.) for the speci®c structure and function of distinct epithelial appendages. The assembly and coordination of these gene networks becomes a gene``supernetwork'' (Noveen et al, 1998) that is responsible for the formation of a functional organ, or organogenesis. Another higher level of organization places the organs in the right place and context to form an organism or individual, which is named the totinetwork (Noveen et al, 1998) . In the study of morphogenesis, we would like to know how the spatial speci®c differential cellular activities in different parts of the skin appendages contribute to the building and sculpturing of the shape of epithelial appendages . Therefore, the question can also be addressed as,``What are the processes that initiate, drive, and stop a particular gene network at a speci®c time and place?'' Indeed, differences in the sizes and shapes of epithelial appendages among different species can be made without changes in the genes, but with changes in the heterotopic (difference in spatial control) and heterchronic (difference in timing control) regulation of gene networks. For example, a gene network X is responsible for hair length. In species A, if the activity of gene network X works for a longer time than in species B, then species A will have longer hairs than B (Noveen et al, 1998) . In reality, FGF5 mutated mice, or the Angora mice, have elongated anagen and therefore longer hairs (Herbert et al, 1994) . Msx-2 genes may be involved in gene networks regulating epidermal thickness and hair length (Wang et al, this supplement) .
Because the many signaling molecules and common pathways of epithelial appendage morphogenesis are shared, altering one of the components via activation or suppression may tilt the balance of the activity of gene networks. Whereas the assembly of gene networks by Nature is likely to have redundant pathways and can absorb abnormal activities, a new shunt may be triggered when the right combination is achieved and new epithelial appendages are activated. This is likely to be what happened between foot scale/ feather, hair/gland, and hair/teeth by experimental perturbations, as described in the previous section.
We also speculate that during evolution there is a prototype developmental pathway that guides gene networks to form an epithelial appendage. Through mutation, duplication, and divergence (Noveen et al, 1998) , genes and gene networks may be rearranged and re-organized. With these small experiments by Nature, novel epithelial appendages may be produced. If certain phenotypes give animals the advantage to survive or prosper in the environment, the changes will be selected by evolutionary pressure. Species endowed with such novel epithelial appendages will have an edge over other species. Examples include the teeth and claws of saber tooth tigers, which equipped them to win the arms race of the day. The most remarkable epithelial appendage remains the feather. It is considered that the elongation of¯at scales initially gave reptiles the advantage of keeping warmth and a more constant body temperature. Subsequently, the linkage of gene networks into a supernetwork that can form the branched structures of barbs and interwoven barbules may have been produced, selected, and evolved. Recently, the identi®cation of a feathered dinosaur in China was reported in National Geographic. The feather has allowed the bird to¯y and therefore given it the whole sky to claim. This innovation of developmental pathways in epithelial appendages has allowed the bird to obtain an immense new niche by the introduction of¯ight. In this way, it has won a``patent'' in Nature and the Aves Class has since prospered for 100 million years.
CONCLUSIONS
As we can see, the integument and integument appendages have formed an interface between an organism and the environment (Fig 1) . Formation and elaboration of skin appendages will allow animals to live in different environments, externally and internally (along the gastro-intestinal tract). Knowing the molecular basis of epithelial appendage morphogenesis helps us to appreciate the importance of the biology of epithelial appendages. It also offers opportunities to modulate certain developmental pathways and morphogenetic processes (Figs 2, 3 ) so that we can manage or regenerate normal and abnormal conditions involving epithelial appendages.
In the near future, we can anticipate three stages of progress in the ®eld of epithelial appendage morphogenesis. First, the completion of the human genome project and the mapping of many genes involved in ectodermal dysplasia (Slavkin et al, 1998) and alopecia (Ahmad et al, 1998) will help us to identify many molecular players involved in the morphogenesis of epithelial appendages. Second, knockout, over-expression or other experiments will be used to demonstrate the involvement of certain molecules; however, to know how they are involved in morphogenesis, we need the third level analysis. We need to analyse at the level of gene networks in order to put the genes in to each other. The sharp and blunt arrows indicate that the upstream gene is, respectively, stimulating or inhibiting the activity, availability, expression, or translation of the downstream gene through direct or indirect protein interactions. Downstream genes may also regulate the activity or expression of upstream genes, as is shown here in gene network 4 and the ancestral gene network. (From Noveen et al, 1998.) the right context. This is similar to the situation that to understand what a word means, we need to understand the grammar of the language and to appreciate its meaning in the context of a text ( Table I) . Studying developmental pathways in epithelial appendage morphogenesis is one of the most effective ways to learn these rules of the language of genes.
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